Abstract. By using the data collected in previous colorimetric studies, a quantitative digital image with ± 4% uncertainty relative to the color values, has been made. This goal was achieved by colors correction of a digitalized photograph performed through comparison with some published measurements in CIE XYZ color space. Starting from that image construction, a simply color measurement method was performed by using a common photographic software, and consequently allowing the construction of a colorimetric database of the main observable details of the Turin Shroud (TS). With this tools some analysis on TS colors were performed and interesting results were found: for example, it has been quantitatively demonstrated that the background cloth colors, gradually and continuously changes toward the typical shades of body image. From this work it has been also possible to distinguish colors differences between blood stains and the other stains which have proved to have of different origins.
Introduction
The Turin Shroud (TS) is believed by many to be the burial cloth of Jesus of Nazareth when he had been put in a tomb in Palestine about 2000 years ago. TS has generated considerable controversy but, beyond all the innumerable widely debated questions, it is a matter of fact that the TS exists as an archaeological object: thus it can be directly and objectively observed [1] . The results of the studies carried out on the TS can be analyzed by scientific methods.
The TS is a linen sheet about 4.4 m long and 1.1 m wide, in which the complete front and back body images of a man are impressed. The cloth is hand-made and each yarn (diameter about 0.25 mm) is composed of 70-200 linen fibers [2] . It has been shown by many scientists that the linen sheet enveloped the corpse of a man who had been scourged, crowned with thorns, crucified with nails, and stabbed by a lance in the side. Many other marks due to blood, fire, water and folding, are also impressed which have greatly damaged the double body image.
The TS has a front and a back image separated by a non-image zone of 0.18 m; the images show an adult male, nude, well proportioned and muscular, with beard, mustache and long hair.
Many hypotheses and experimental tests have been carried out on linen fabrics to explain the formation of the body image, in favor of both authenticity and the other way around [2] . Despite some macroscopic results with resemblance to the TS image which have often been achieved limited to the face, none of them has come close to reproduce all the TS image characteristics. In other words, even if at first sight, many image copies are similar to that of the TS, until now no experimental test has been able to reproduce all the characteristics found on the original. From this brief description it is easy to understand how studies on the TS must be conducted wideranging in many fields of human knowledge, but given the current difficulty to directly perform analysis on the Relic, the studies are performed on materials collected by the STURP (Shroud of Turin Research Project) in 1978 and during other rare occasions.
Colorimetric analysis can be a way to solve some questions, but the works on this research field are few and too approximate because they have been performed on not calibrated image or didn't use a repeatable measurement method.
To perform colorimetric analysis a calibrated quantitative image of the TS was built and a standard measurements procedure has been determined on it [3, 4] : with these tools many researchers will be able to perform colorimetric analysis on TS. This paper integrates with new content what has been already published [4] .
Measurement instrument and procedure

The quantitative image
The aforementioned image was created starting from an image taken by photographer G. Durante in 2002. This picture with sizes of 6996×24197 pixel with a resolution of 300 dpi was used as the base image.
In 1978 researchers Soardo et al. performed color measurements on various details of the TS and expressed the results in CIE XYZ color space [5] .
For calibrating the Durante's image, 18 points were chosen on it with a certain correspondence to the measurements points reported in Soardo's paper. By using a circular mask of a common photographic software with a diameter of 68 pixel (corresponding to the 13 mm of Soardo's colorimeter sampling spot) the statistical values of the single RGB color channel (values range 0 -255) were read by means of the histogram function.
The color data, acquired by using Paint Shop™ Pro©, were converted from their sRGB color space representation to CIE XYZ space [6] and the CIE D55 type illuminant (used by G.Durante to realize his photographic work) was converted into CIE A type (used by Soardo et al. for colorimetric measurements) by using the Bradford matrix [7] . The acquired RGB values were converted by the application of the followings matrix operations (subscript A and D55 identify color values expressed in CIE type A and type D55 illuminant):
(1) Where:
(2) -[T1] is the Bradford matrix for illuminant conversion from CIE D55 to CIE type A; -[T2] is the conversion matrix from sRGB to CIE XYZ color space; -[T] is the transformation matrix, the resulting matrix product of [T1] and [T2] .
The x, y, z chromatic coordinates (values range 0 -1) can be obtained by using eq.3:
The acquired data were compared with the Soardo's measurements, finding that the mean differences were caused by an additive systematic effect. So additional constants δ x , δ y , δ z were calculated by the difference between the arithmetic mean of the 18 converted RGB data acquired on Durante's photography and the corresponding arithmetic mean of the 18 reference measurements made by Soardo. The calculated constants δ x , δ y , δ z have been added algebraically to the colorimetric values obtained by conversion of the RGB values to eliminate the additive systematic effect ( Fig. 1  and 2 ). After colors correction in CIE XYZ color space, the image was reconverted to sRGB standard by using the inverse color space transformation. The image built in such a manner turned out to be characterized by a calculated uncertainty on color values of ± 4%.
Measurement instrument and method
It was determined a measuring procedure starting from the method used for the quantitative image construction. As was done for the image calibration, the measurement instrument was "built" with masks and histogram functions of a common photographic software (Fig.3) , through which were possible to read out the R, G, B channel value of a determinate area: the shape and the dimension of that area are fundamental elements, so it was important to investigate it.
The shape of the chosen selector was the circle, first of all for its wide availability in all the software's mask lists, then for its curved contours and because only center coordinates are needed for positioning it. The size of the sampling area was determined by evaluating: the amount of pixels on which the program executes the average values of the individual channels, because it determines the sensitivity of the variations; the capability in balancing the tonal differences derived from the weft of the fabric. In fact the TS image is composed by an alternance of clear and dark fibers, so for balancing this effect the dimension of the measurement area must include equal number of fibers; the capability to test very small details.
The diameter of the circular mask was chosen equal to 12 pixels (in metric scale d= 2.3 mm) (Fig.4) . Robustness analysis was performed in order to verify the stability of the RGB measurements to variation of the shape and the dimension area of the measurement mask.
Original image was splitted in two parts (front and back image) with precise dimension. Then, for each part a coordinate system was defined ( Fig. 5 ): (h, k) coordinates corresponding to the pixel position, so they can be detected directly from the software used for measurements.
The color measurement procedure can be summarized as follows: to open the histogram function, to choose a circular selection mask with 12 pixel diameter, to apply the mask on selected features, to read the RGB values by means values using the histogram function.
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The measurement method can be applied to the Durante's photography by using a data-sheet for color conversion to obtain XYZ colors values and then to compare the results with the follow database. 
Colorimetric analysis of details
Colorimetric measurements
Once calibrated the quantitative image, the following measurement has been performed on it: 54 samples both on the front side and the dorsal of the body image (Fig. 6-7 and tab. 1-2); 54 samples both on the front side and the dorsal of the bloodstains (Fig. 8-9 and tab. 3-4); 54 samples both on the front side and the dorsal of the background cloth ( Fig. 10-11 and tab. 5-6); 30 samples, 16 on the front side and 14 on the dorsal side of the water stains areas (Fig. 12-13 and tab. 7-8); 30 samples, 16 on the front side and 14 on the dorsal side of the burns areas (Fig. 12-13 and tab. 7-8).
For database and plots, chromatic coordinates in CIE XYZ color space were used because they are directly comparable with photometric measurements. So from the tables, for each measurement point reported in figures, the coordinates of the center of the sampling area (h, k), the chromatic coordinates obtained from RGB channel values conversion (x, y, z) and the dimensionless chromatic ratios used also for the plots construction (x/y, x/z, y/z) can be readed.
In table 9 the values range and their arithmetical average of the analyzed TS features were reported.
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Results on body image
It can be seen from the plot in Figure 14 that the body image points, placed close to the area of blood, are characterized by x/z values greater than 5. Those points were found on the face and on the neck: the areas in question can be interpreted as typical of body image soaked with blood resulting from injuries on TS man's face and derived from the crown of thorns. There are, as lower extreme, a series of feature points (ratio x/y goes from 1.12 to 1.13, and ratio x/z goes from 4.32 to 4.58) which overlap with the values area determined for the background: many of the image points that falling in the above mentioned value ranges, are located in the feet, the legs and lower back areas of the TS man. 
It can be observed from the plot in Figure 14 that there is a not clear colorimetric separation between background and the body image: the color values change with continuity from the typical tone of the body image to those of the background, with a zone of interpenetration between the two "clouds" of data. This evidence is in agreement with some hypotheses of the body image formation that indicate it as the result of a premature aging of the linen caused probably by an radiative effect. Under this assumption, in fact, it is possible to hypothesize that the linen coloration occurred in a progressive manner, with varying intensity depending by the distance body-cloth.
The partial overlap of the values obtained for both, the image and the background, indicates a gradual color transition which extends along a narrow band of values, comparable for the two discussed features.
In order to verify a possible correlation between the color change and the distance from between cloth and body, some points close to the head of the TS man were taken where there is no apparently trace of the body image.
The typical values of these points have a values range for x/y that goes from 1.12 to 1.13 with an arithmetical average of 1.12, while for the x/z ratio the values range goes from 4.25 to 4.52 with an arithmetical average of 4.39.
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The author assumed that the chromatic variation can be related to a radiative effect (the same that could have originated to the body image), which has acted with variable intensity depending on the distance from the emission generation point.
Results on blood stains.
The "cloud" of values resulting from the color sampling on the blood appears positioned in the upper side of the plot used to represent the data (Fig. 14) .
It is possible to identify the range of values within which scourge wounds are placed: the x/y values ranging from 1.15 to 1.18 and the x/z ranging from 4.99 to 5.69.
In the lower part of the diagram (Fig. 15) , characterized by x/z values of less than 5, the measurements results of the blood spilled by the feet and by the pulse of the Man of the Shroud can be seen.
Some color samplings have been performed on the chest's blood stain and on the visible blood stains outside of the body image, especially near to the left arm and near both feet on the front and back side of TS. A correlation between the blood of the chest and the one of the feet can be observed (Fig. 16 ), but the outside-arm blood seems different, this is also confirmed from visual examination of this feature. 
Results on water stains.
The color results of sampling on the edges of the tracks that are supposed to have been left by the water in a period prior to the Chambéry's fire, are mainly located in the area occupied by the values ratio results obtained for body image (Fig. 14) , overlapping the same.
Analyzing the results (Fig, 17) , it appears evident how the traces left by water (or maybe by another liquid) are comparable in colorimetric terms with the findings on the body image.
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Results on burns
The last series of color sampling, regards the colorimetric characterization of the burns left on the Shroud by the Chambéry's fire. It can be seen from the plots (Fig. 14 and 17 ) that the results of the dimensionless ratios place themselves mainly on the right side of the plots. 
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The created database has been useful for some study on TS features, performed by comparing new color samplings with the database measurements. Considering that the colorimetric values of TS's features are placed in "clouds", more than one measurement for the same TS detail is needed, because must to be evaluated the data trend.
So some study on symmetrical spots (Fig. 18 ) present on the glutes Man of the Shroud were conducted. These features, whose classification is still debated among researchers, appear located at the vertices of two triangles placed symmetrically to the axis of the back. This traces have blood stains appearance and some experts speculate that they may be traces of blood derived from the wounds generated by a pair of "tridents" on which TS man was forced to sit during the crucifixion.
By a visual inspection, these details appear surrounded by circular halos that can be traced to the serum which has been supposedly gathered around the wounds. For the author they appear too regular in shape and too extended to make possible to assimilate the traces left by blood serum.
A careful observation of this features points out that the central part of the spots appears so confused as to make the weave of the fabric not recognizable. This characteristic was not found in the details related to the blood stains. It may also be noticed that the tone of the central part goes from a very dark brown to a red-orange: also this feature has not been found on the blood stains. It can be assumed that the analyzed details were not originated by blood spilled from wounds.
In order to have more indicative elements, the analysis was carried out by performing more measurements on this circular stains. The results obtained on color value ratios can be observed in the plot reported in Figure 19 and they can be traced back to the typical values found for the burns.
The analysis of the evidence gathered and the assessments made tend to rule out that the currently analyzed details could be related to traces of blood, but rather to burns. 
Conclusions
A colorimetric measurement process has been developed which allowed to obtain a TS calibrated quantitative image with ± 4% uncertainty relative to the XYZ color values. This result was achieved by comparison and correction of a digitalized photography made by G.Durante in 2002, with a previous published color analysis performed in CIE XYZ color space by P. Soardo et al. in 1978. The color samplings on digital image were made by using a common photographic software (Paint Shop™ Pro©) with which the values of the single RGB color channel were read by means of the histogram function.
With the TS calibrated image, accurate color measurements were made possible and by properly interpreting the obtained results it was possible to analyze and classify some features.
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The color characteristics of body image, background, blood stains, water stain and burns were been investigated: the results give some information like the continuous color transition from background to image.
From a colorimetric point of view, the results on the blood stains have allowed to note that the area occupied by the blood is separated from that generated both from the background and from the body image. Differences between the color values of the blood derived from scourge wounds and the one flowed out from the deepest wounds were also identified. A feature on which future studies can be performed concerning the alleged blood outside the left arm: from colorimetric analysis it did not seems to have the typical colorimetric features found on other bloodstains.
The water stains, are ranked in the plot (Fig. 14) above those determined for the body image, extending also in a similar way: this result could suggest some possible correlation between body image and water stains.
The verification made by new colorimetric measurements on features, not analyzed during database construction, gave the expected results, also providing some additional information for example on visible details on the glutes of the TS Man. 
